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Introduction
ENTAL stress has been investigated in various fields due to its destructive effects on the daily routine. Stress may cause cognitive dysfunctions, cardiovascular diseases, depression [1, 2] and may lead to death and illness [3] . There is, in fact, an average of 50% of employees, which suffer of 'work stress' [4] . Moreover, stress reduces performances in daily life [5] and particularly in the work places [1, 6] . This may be particularly relevant for those jobs that expose the workers or other persons to risky situations. This is the case of surgeons performing long surgeries, in which the loss of attention or concentration may cause severe effects on the patient, or pilots flying on long distances, whose stress may be dangerous for them and the passengers [7] .
Mental stress influences the Autonomous Nervous System (ANS), which controls our capability to react to external stimuli [3, 5] . Therefore, the acute stress may be evaluated with non-invasive biomarker measurements, which are considered reliable estimators of ANS statuses. This is the case of Heart Rate Variability (HRV), M which is considered a reliable means to indirectly observe ANS [8] , also in real life settings. HRV refers to the variations of both instantaneous heart rate and the series of inter-times between consecutive peaks of the R-wave of the ECG (RR series) [9] . This variation is under the control of the ANS, which through the parasympathetic and the sympathetic branches, is responsible for adjusting the HRV in response to external or internal physical or emotional stimuli. A normal subject shows a good degree of variation of the heart rate, reflecting a good capability to react to those stimuli [9] Several studies investigated in the last years how HRV could be used to assess acute or chronic mental stress, in healthy subjects or in specific groups of patients, of different ages. These studies collected and analysed HRV with different methods and tools: long or short term registrations were utilised; HRV was extracted from ECG or SpO2 or via other means; a wide range of devices was employed (i.e. from commercial smart phones to CE marked medical devices for ECG monitoring, including some advanced biomedical amplifiers); HRV was analysed with commercial software tools, sometimes well validated ones; HRV features in time and/or frequency were extracted and both linear and/or non-linear domains were explored; different statistical tests, pattern recognition or data mining methods were used to explore results [4, 9, 10] .
The goal of this study was to review homogenously designed studies, in order to provide reliable information about the trends and the pivot values of HRV measures during mental stress. Therefore, this reviews investigated systematically studies published in peer-reviewed journals and focusing on the associations between acute mental stress and HRV, using short-term HRV excerpts, extracted from ECGs, in healthy subjects above 18 years old.
Methods and materials

Search strategy
Relevant studies on the detection of acute mental stress through the analysis of the HRV were identified and selected by searching on PubMed and OvidSP databases.
Pertinent articles were searched using Boolean combinations of the following keywords or their equivalent Medical Subject Heading (MeSH) terms: heart rate variability, HRV, mental stress, psychological stress, and emotional assessment.
The following criteria were utilized to limit the research: papers published in the last 10 years (since 2004), study on adult humans (i.e. not animals), not children, not cancer, not pregnancy.
Inclusion and exclusion criteria for paper selection
After a first screening of the titles and abstracts, studies published before November 2014 were considered suitable for this review if they met all of the following criteria:  Paper published on scientific journals with peer review;  Paper focused mainly on mental stress investigation using HRV;  The experiments were conducted with a robust design, well described, including repeated measures in the same group of healthy subjects at rest and during stress section. Studies were considered robust if the acquisition of the HRV was adequately standardized (i.e. stress and rest sessions in the moment of the day to minimize the circadian effect and with the subjects in the same position).  The study was not focusing on chronic stress, and only acute stressors where used, as defined in [11] .
 The subjects were humans beings over 18 years old;
Studies were excluded if they :
 focused on chronic stress;  utilized HRV analysis on excerpts were longer than 10 minutes;  enrolled professional athletes and observed them during sport training sessions;  investigated pain perception;  reported HRV measures with not sufficient quality (i.e. no unit measures stated, not appropriate statistical descriptors);  did not report inclusion/exclusion criteria for sample selection.
Two authors (RC and PM) independently assessed the methodological quality of the papers, given the inclusion/exclusion criteria. A third author (LP) arbitrated when necessary.
Paper shortlisting, data extraction and outcomes of interest
Following the research strategy described above, all the titles responding to the chosen keywords were identified. After excluding repetitions (titles indexed both in PubMed and OvidSp), studies were shortlisted according to inclusions/exclusions criteria, investigating titles, abstracts and full-papers.
HRV measures in time and frequency domains, both linear and non-linear, were extracted by the papers included in this review [1, 5, 6, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Further details about HRV methodological conventions adopted in this review can be found in two open access papers [21, 22] .
The changes of HRV measures during stress and rest sessions were investigated observing their trends. A trend was represented with arrows pointed up, if the mean value of a HRV measure was increasing during the stress section, respect to the value of the same measure registered during the resting session. An arrow pointed down was used if the mean value of the HRV measure was decreasing. Two arrows were utilized for significant changes (p-values<0.05). Since papers reported only parameters of measure distributions (i.e. means and standard deviations) the p-values were calculated with a t-test and not with parametric tests, which in some cases would have been more appropriated.
HRV measures
Regarding linear HRV measures in time and frequency domains, the recommendations of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology guidelines [9] were followed. Therefore, the power spectrum density measures were considered if reported in normalized units or ms 2 , for the low frequency bands (LF, 0.04-0.15 Hz) and the high frequency bands (HF, 0.15-0.4 Hz). When papers shortlisted for meta-analysis reported features in a non-conventional way, these measures were excluded from the pooling or converted in ms 2 , if possible. For instance, three studies [16, 17, 19] reported frequency domain features log-transformed (LF Log and HF Log ). These were untransformed according to [23] , using the following formula:
One study reported frequency measures in ms 2 /Hz [14] and therefore its results were not reported in this review.
Statistical analysis and software tools
HRV measures were pooled if reported in more than one paper. Standard methods for systematic reviews with meta-analyses were employed in this paper to pool the HRV measures [24] : mean difference (MD) with 95% confidence intervals (95%CI) and p-values (p). Random or fixed effect models were used according to study heterogeneity measured with a Q statistic test. A significant Q statistic is indicative of dissimilar effect sizes across studies and to complement the Q test, we also calculated the I 2 statistic, which provides an index of the degree of heterogeneity across studies. In particular, I 2 indicates the percentage of the total variability in effect sizes due to between-studies variability, and not due to sampling error within studies [25] . Percentages of around 25% (I2 = 25), 50% (I2 = 50), and 75% (I2 = 75) may be interpreted as low, medium, and high heterogeneity, respectively [25] . Differences and 95%CI were considered significant if the p-value was less than 0.05. The Open Meta-analyst Software tool was utilized to compute these statistics.
Results
According to the search strategy described above, 894 titles were identified, 345 in PubMed and 549 in OvidSp.
After removing 279 duplicates, 615 titles were considered. Of these, 510 were excluded after reading the abstracts as they did not meet the inclusion criteria. From the remaining 105 abstracts, 77 were removed due to the exclusion criteria. Finally, 28 full-texts were analyzed and among these, 16 were excluded due to inclusion/exclusion criteria. Therefore, 12 studies were finally considered appropriate for inclusion in this systematic review. A flow chart of the literature search results is shown in Fig. 1 . 
Characteristics of the included studies
The 12 studies enrolled from 12 to 399 subject each, for a cumulative population of 785 subjects, which was finally pooled in this review. Details about population, HRV analysis reported in each study, HRV length and statistical methods employed to explore significant variations are reported in Table 1 . Only three studies used non-parametric statistic tests (NPST), which are specifically designed to investigate significant difference of features non-normally distributed [26] . Nine studies [1, 6, 12-14, 16, 17, 19, 20] used ANOVA, ANCOVA or t-student test to investigate how HRV measures changed before and after the stress section. Of these, Traina et al., Papousek et al., and Lackener et al. [12, 13, 15] converted frequencies domain HRV features with a log transform, while the remaining applied directly standard statistical significance tests to frequency domain measures, which are not normally distributed, being asymmetric distributions of positive numbers [21, 22] . The selected studies reported ECG recordings at rest (resting session, RS) and during induced mental stress sessions (stress session, StS). Only one study [15] did not report ECG recordings during the StS, but the ECG was registered on the day of an university examination, which was assumed to be the stressing event. This may generate heterogeneity, as the response to stress may change during or after StS [27] .
Mental stress was induced asking volunteers to perform, under controlled circumstances, one or more of the following tasks: Computer Work Task (CWT), Stroop Colour Word Task (SCWT), Arithmetic task (AT), Game task (GT), public Speech task (ST), Academic examination (AE), other Physical-Mental Task (PMT). A brief description of each mental task is given in Table 2 . Additionally, in one study [18] were asked to perform also a physical task. HRV measures registered during those physical tasks were not included in this review since producing a different kind of response than mental stress tasks [28] .
N. paper Author Year
Stressor Description
Hjortskov 2004 [6]
Computer Work Task (CWT) The task consisted of keying in random numbers with the dominant hand using the numerical part of the keyboard.
Kofman 2006 [1]
Stroop Colour Word Task (SCWT)
The task required naming the ink colour in which colours' names were printed on a screed being either congruent or incongruent with respect to the colour words.
Vuksanovic 2007[12]
Arithmetic aloud task (AT) The task required subtracting 17 from 1000. Subjects were asked to answer as accurate as possible. They told the results after 5 s.
Li. Z 2009[13]
Game task (GT) The instructions for video game task 'Breakout' have been standardized via video. The subjects will lie supine on a hospital bed and a monitor 25 inch colour TV was placed 2 metres away.
Schubert 2009[14]
Speech task (ST) This task involved preparing and presenting a speech in response to one of two situations. Subjects had 3 min to prepare and 3 min to present their speech.
Tharion 2009[15]
Academic examination (AE) The first recording was done on the day of the academic examination and the second during holiday.
Papousek 2010[17]
Academic examination (AE) Participants were told to not move legs and hands while speaking, to read out the questions loud before answering it.
Lackner 2011[16]
Arithmetical Task (AT) The task consisted of two triplet of one-digit numbers, which were to be added or subtracted.
Melillo 2011[5]
Academic Examination (AE) The first record was performed during verbal examination and the second one was performed after holiday.
Taelman 2011[18]
Physical-Mental Task (PMT) The task consisted of continuous mental calculation of five operations with a two or three digit number, which had to be performed without verbal stimulation. Participants used the mouse cursor to indicate the correct answer choosing between three alternatives. The participants would have been rewarded with a movie ticket 11. Traina 2011 [19] Arithmetical Task (AT) The task required to subtracting the number 17 starting from the number 986.
Visnovcova 2014 [20]
Stroop Colour Word Test (SCWT)
Arithmetic Test (AT)
The task required to read the colours (green, yellow, orange, red, blue, purple) on the words displayed on a screen, which were congruent or incongruent with the written word.
(Results not reported in this review) The task required to calculate three-digit numbers displayed in different random places on the screen into one digit numbers. Subsequently, participants decided that the final result was even or odd by pushing the keyboard arrow. Tables 3, 4 and 5 reported the trends and the values of HRV measure in RS and StS in time, frequency and nonlinear domains respectively. Additionally, these tables reported the number of subjects enrolled in each study and the relative weight of each study during the pooling.
Time domain features
Time domain HRV measures reported by the papers shortlisted for this meta-analysis included: the mean of R-R intervals (RR), a standard deviation of an R-R interval (SDRR), the square root of mean squared difference of successive R-Rs (RMSSD), and a proportion of NN50 divided by total number of NN that differ more than 50ms (pNN50) as shown in In all the studies there was consensus that the mean RR, pNN50 and RMSSD decreased during StS, although some studies did not demonstrated a significant reduction of these features. A decreases SDRR was observed in the majority of studies [15, 18, 20] with a high level of significance. Only one study reported contradictory results [14] . In fact Schubert et al. [14] reported a discordant increase of SDRR, which the authors justifies as due to a slow respiration rate and a relative reduction in ventilation caused by the speech task used in to induce stress in this study [14] .
Frequencies domain features
Frequency domain HRV measures extracted from the shortlisted papers included: the low frequency power (LF), the high frequency power (HF) and the LF/HF ratio as shown in Regarding LF, among the 8 papers reporting this measure, 5 studies agreed that LF increased (3 with statistical significance), while 3 reported an opposite trend. Also this case, the findings by Tharion et al. [15] were not consistent with the general trend, probably because in this study the stress section was recorded in the day of the examination and not during the examination session. In addition, Hjortskov et al. [6] also showed controversial results, which in this case might be explained considering that this was the only study in which an introduction session was ran before the registration of the RS and StS. Finally, Taelman et al. [18] also reported a decreased LF during StS, which might be also due to the different protocol adopted, which consisted in a physical tasks before the metal stress session.
Regarding HF, there is consensus, among the different studies, that this measure decreased during acute mental stress. Only one study indicated a controversial trend, which however was not statistical significant [12] .
Regarding LF/HF ratio, there was a general consensus (5 studies out of 7) that it increased during StS. The remaining 2 studies [12, 15] reported an opposite trend, which however is not supported by statistical significance.
Non-linear features
Non-linear HRV measures extracted from the shortlisted papers included: the Shannon and the Sample Entropy (respectively ShEn and SampEn), the largest Lyapunov exponent (LLE), the correlation dimension (D2), Shortand Long-term fluctuation slope (α 1 and α 2 ), the standard deviation of the Poincare' plot perpendicular and along to the line of identity (respectively SD1 and SD2), Recurrence Plot determinism (DET) and recurrence rate (REC), maximal length of lines (lmax) and mean length of lines (lmean). Finally, the Approximate Entropy (En) computed with the threshold r set to 0.2*SDNN, to the value maximizing the entropy and to the value computed by Chon [29] , and reported respectively as En (0.2), En(r max ) and En(chon) as shown in Table 5 . Only two features were investigated by more than one study: D2 [5, 14] was reported as consistently reduced during StS (academic examination in Melillo et al. [5] and arithmetical task in Shubert et al. [14] ); α 1 [5, 12] which was reported with significantly opposite trends.
Non-linear domain features
Authors
Pooled pivot values of HRV measures mean differences
From the included studies, 8 HRV measures were pooled in this systematic meta-analysis because reported at least in two papers: 4 measures in the time domain (RR, SDRR, pNN50%, rMSSD), 3 in the frequency domain (LF, HF, LF/HF) and 2 in the non-linear domain (α 1 , D 2 ) . The relative pooling weight of each study was reported in the Tables 3, 4 and 5, respectively for time, frequency and non-linear domain. The results of the pooling were reported in Table 6 , where also the trend of the pooled HRV measures is reported. 
Mathematical modelling of HRV measures during mental stress.
Two studies [5] and [19] proposed a mathematical model to automatically detect mental stress.
Melillo et al [5] proposed a model based on Linear Discriminant Analysis (LDA), employing three HRV nonlinear measures: SD1, SD2 and En(0.2). The proposed model achieved accuracy, sensitivity and specificity respectively of 90%, 86% and 95% in automatically detecting subjects under stress. These performances were achieved testing the developed classifier using a 10-fold-cross validation technique, based on subjects' exclusions.
Traina et al [19] studied the Pearson correlation between frequency domain measures (high and low components of the power spectrum) before and after the stressing session, demonstrating that those correlations were significant. However, this is partially arguable as the Pearson correlation would eventually lay on the assumption that the HRV measures are normally distributed, while HRV frequency measures are not. This paper did not develop a predictive model and did not validate the correlation with a cross validation techniques.
Discussion
This paper, presented the results of a systematic literature review with meta-analysis of the articles investigating how short-HRV measures changed during induced acute mental stress. In this review, 12 studies were shortlisted and changes during mental stress of 22 HRV measures were systematically reported. Finally, 9 HRV measures were pooled.
The results demonstrated that 4 HRV measures (RR, RMSSD, pNN50 and D2) decreased during stress [13-15, 17, 18, 20] . The majority of studies [6, 13, 15, [17] [18] [19] [20] agreed that SDRR and HF decreased during stress, while LF/HF and LF increased during stress [1, 6, 12, 14, 16, 17, 19, 20] . Regarding SDRR, only one study [14] out of the 4 [15, 18, 20] considering this measure, reported an increasing value during stress. This may be due to the fact that [14] analyzed HRV excerpts of 3 minutes, while [15, 18, 20] analyzed 5 minutes HRV excerpts. Regarding LF, 3 studies [6, 15, 18] out of 8 [12, 16, 17, 19, 20] considering this measure, reported a decreasing value during stress. However, these studies adopted study designs significantly different from the others. Differently from the other, the first two studies used physical movements during the stress section: in Hjortskov et al. [6] , participants used the dominant hand to digit randomly numbers on the left part of a keyboard; in Taelman et al. [18] , participants used the mouse cursor to indicate the correct answer choosing between three alternatives. Differently from the other protocols, the use of the hand activated a cortical area that is not triggered by the designs adopted by the remaining studies, where there is no physical activity. These results were also consisted with the findings reported in Yu et al. [30] with arithmetic test, in which the participants were required to use the keyboard. The other study reporting a decreased value of LF during the stress session was Tharion et al. [15] , which however measured the physiological response to the mental stress during the day of the University examination, and not during the examination, as done in [5, 17] , which also used University examination as stressor. At this regard, there is consensus that the reaction to a stressing situation is composed by several phases [27] , each implying a different response of the ANS and therefore a different HRV modulation. Finally, only one HRV measure, α 1 , was reported by two studies [5, 12] achieving completely opposite results, and both with statistical significance. No clear explanation for such heterogeneous results can be inferred by the two papers.
Regarding the meta-analysis, the pooled values of 7 HRV measures (RR, SDRR, RMSSD, pNN50, D2, HF and LF/HF) out of the 9 meta-analysed changed significantly during mental stress. The pooled values of those 7 measures should be regarded as they are more reliable than those presented by each paper and should be considered as possible pivot values for future studies. For instance, the increase of the polled LF/HF was statistically significant while it was not statistically significant in 6 out of the 7 papers reporting this HRV measure. Since the p-value is strongly dependent by the sample size, a possible explanation is that the number of volunteers enrolled in each of those 6 studies was too small compared with the LF/HF mean differences measured, which, in turn, were too small compared with the standard deviations measured in each group during stress and rest [24] . Regarding the LF, the pooled results would have become statistical significant if these three studies employing a different design (as discussed above, [18] and [6] moving hands, [15] measuring stress in the day of examination and not during it) were excluded. In fact, removing these 3 studies the pooled mean difference for LF during stress was 286.56 ms 2 (CI95% 183.89-389.23, p<0.01, fixed effect model), calculated on 164 subjects with a very small heterogeneity (I 2 94%, p<0.001). Finally, it was hard to discuss the results about α 1 , since the two studies calculating this HRV measures adopted similar protocols and comparable sample sizes. Melillo et al. [5] enrolled about the double of subjects, but the SD measured in the stressing session was too high, affecting the weight of the study. Therefore, future researches investigating non-linear HRV features during mental stress are still needed.
The decreases of RR, RMSSD, pNN50, SDRR reflected a depressed HRV during stress. This is consistently confirmed by pooled values of HRV frequency measures, among which HF was proved to decrease significantly, reflecting a decreased HRV variability. Moreover, the observed decrease of D 2 during stressing sections can be interpreted as a reduced complexity of the HRV, reflecting a lower adaptability and fitness of the cardiac pacemaker and a functional restriction of the participating cardiovascular elements [14] .
Finally, the frequency domain measures consistently supported the idea that during stress there is a general depression of HRV with a relative displacement of the vago-sympathetic balance, during which sympathetic activation relatively overcome parasympathetic once. In fact, the LF accounting for an activation of both parasympathetic and sympathetic system, increased, while the HF, which is associated to the parasympathetic system activation, decreased. This result was confirmed by the increase of LF/HF. These outcomes confirmed the inducted shift of the ANS balance towards the sympathetic activation and the parasympathetic withdrawal during acute mental stress [20] . This phenomenon was explained through the theory of the fight or flight response, which support the idea that there is an inhibition of the vago and a prevalence of the sympathetic system during a stressing situation [27] . This result could change if the stressing session was measured after (and not during) the stressing event, as demonstrated in [15] and consistently with the phases of the stress as described in [27] .
Conclusion
In conclusion, these review proved that there was consensus about the HRV measures changing consistently during mental stress. Particularly, the results of the pooling of the HRV measures, provided pivot values for at least 7 HRV measures that changed significantly during stressing sections. These significant changes confirmed previous results about the inducted shift of the ANS balance towards the sympathetic activation and the parasympathetic withdrawal during acute mental stress. However, a huge heterogeneity among studies investigating physiological response to mental stress was observed in this review. Moreover, this review proved that future studies are needed to confirm the behavior of non-linear HRV measures during stress.
Finally, future studies are recommended to: define the study design (i.e. length of HRV measures) and the study protocol (i.e. definition of stressor, avoid physical activity if not required) according to the best available evidence; to analyses the HRV features (i.e. using measurement units according to international guidelines); to use statistical tests consistently with the HRV measure distribution (i.e. check if HRV measures are normally distributed of not); to check HRV stationary if HRV measures are longer than 5 minutes; to measure stressing session according to the goal of the study (i.e. during, before or after the stressing session).
Highlights
 Mental stress significantly reduced variability and chaotic behavior of HRV.  Stress causes sympathetic activation and parasympathetic withdrawal  Pivot values for the pooled mean differences of HRV measures are provided  Pooled HRV power ratio changed significantly while did not in individual studies  Studies investigating HRV non-linear measures and mental stress are required  The method proposed to meta-analyze HRV features can be adopted for other studies investigating HRV
